Female adolescent populations with low calcium intakes and sub-optimal vitamin D status are found in northern China. Whether these individuals are able to adapt by enhancing calcium absorption and reducing calcium excretion for maximizing calcium retention is unknown. This study examined the association between true-fractional-calcium-absorption (TFCA), plasma 25-hydroxyvitamin-D, and urinary calcium excretion among adolescents in Northern China. Twelve healthy girls 9 to 17 years old were recruited from Beijing during a winter. Calcium intake, anthropometry, pubertal status, plasma 25-hydroxyvitamin-Ds (25-OHD), serum calcium, and urinary calcium were determined. TFCA was evaluated by dual stable calcium isotopes. The mean ± SD calcium intake, 24-hour urinary calcium excretion, plasma 79.9 ± 49.6 mg/day, 30.5 ± 9.8 nmol/L, and 60.4 ± 14.4%, respectively. TFCA was inversely correlated with 25-OHD (r = -0.73, p = .008). Urinary calcium was correlated with the onset of menarche (r = 0.63, p = .027). Post-menarcheal girls had a higher urinary calcium output than premenarcheal girls (p = .03). Adolescents from north China with sub-optimal vitamin-D status are able to adapt by enhancing TFCA and reducing urinary calcium excretion to retain calcium for bone development. TFCA was inversely correlated with plasma 25-OHD. Whether a higher efficiency of calcium absorption is sustainable if the shortfall of vitamin D persisting remains to be studied.
Introduction
Nutritional rickets, whether clinical or sub-clinical, still prevails in certain areas of China where vitamin D status is sub-optimal and calcium supply is limited [1, 2] . In 1987, the prevalence of rickets among children aged zero to five years old was 11.3%, with the peak onset by one to two years of age (27.8%) [3] . The prevalence of rickets in North China is still high among children under three years of age (6% to 44%) and adolescents (7% to 24%), which is attributable to low sunshine exposure and a poor source of vitamin D in foods [2, 4] . In the rural area of Beijing the mean plasma 25(OH)-vitamin D 3 (25-OHD) level of schoolchildren 12 to 14 years of age during the winter was only 13.4 nmol/L, 45.2% were categorized as sub-clinically vitamin D-deficient with a plasma 25-OHD level below 12.5 nmol/L [5] . Plasma 25-OHD levels and calcium intakes were found to be strong predictors of bone mass in Beijing female adolescents [5] . The short duration of sunshine exposure and low intensity of ultraviolet light during the long cold winter may explain the higher prevalence of clinical and sub-clinical rickets among infants and children in northern China as compared with that in the south [6, 7] . It has been suggested that vitamin D deficiency might occur more frequently in populations where there is a limited vitamin D supply along with diets low in calcium [8, 9] .
Average calcium intakes of Chinese children are low which is attributable to their non-milk based diets, with mean calcium intakes below 400 mg/day) [10, 11] . In a controlled calcium supplementation trial in the early 1990s Chinese children with normal plasma vitamin D levels (85 nmol/L) were able to enhance true fractional calcium absorption even though their calcium intake was low [12, 13] . The true-fractional-calcium absorption (TFCA) of these Chinese children was significantly higher than that of their counterparts in the United Warren Tak Keung Lee, Ji Jiang, Pei Hu, Xiaopeng Hu, David Charles Keith Roberts, and Jack Chun Yiu Cheng 43 Use of stable calcium isotopes in evaluation of calcium absorption in Beijing adolescents States (54% to 63% vs. 25% to 34%) who consume 925 mg of calcium per day [14] . Adequate circulating vitamin D among these children allows nutritional adaptation to occur [12, 13] . The calcium absorption study in Chinese children [12, 13] was conducted in South China (latitude: 21°N) where there is plenty of sunshine throughout the year. Children could manufacture most of their vitamin D underneath their skin through regular outdoor activities. Nonetheless, the calcium absorptive capability of children residing in North China with both sub-optimal vitamin D and calcium status has never been investigated.
We studied the association between TFCA, plasma 25 (OH)-Vitamin D 3 (25-OHD) concentration, and 24-hour urinary calcium excretion among growing adolescents residing in the temperate region of North China (latitude: 40°N).
Subjects and methods
Twelve adolescent girls aged 9 to 17 years participated in the study in Beijing city from December, 1999 to February, 2000. Plasma vitamin D levels of children have been found to be lowest in North China during the winter [4] . All the girls were healthy and had not suffered from recent fractures or any endocrinal diseases that would interfere with calcium and vitamin D metabolism. Informed consent was obtained from their parent. The study was approved by the Human Research Ethics Committee of the University of Newcastle, New South Wales, Australia.
Puberty and on-set of menarche
Pubertal status (pubic hair distribution and breast development) was determined by a physical examination according to Tanner's staging [15, 16] . Pubertal development was categorized into three groups: prepuberty (Tanner stage I), early puberty (Tanner stages II and III), and late-puberty (Tanner stages IV and V) [15] . The time for the onset of menarche was also obtained from the subjects.
Calcium absorption study
The doubly-labeled stable isotopic technique [17] [18] [19] was used to determine the TFCA for each subject. Stable calcium isotopes 42 Ca (87.8 atom% enrichment) and 44 Ca (93.8 atom % enrichment) in the form of calcium carbonate were made soluble in 1 N Spectrograde Hydrochloric acid (Beijing Chemical Company, Beijing). The pH of 42 Ca doses dissolved in normal saline solution was adjusted to 6 for intravenous injection while the pH of 44 Ca in Millipore water was adjusted to 4 for oral administration by adding drops of 1 N Spectrograde sodium hydroxide solution (Beijing Chemical Company, Beijing). 42 Ca solution for injection was sterilized and dispensed aseptically into vials at the Clinical Pharmacological Research Center, Peking Union Medical College Hospital. The concentrations of the solutions were assayed by the colorimetric method (Beckman Synchron CX3 Clinical System, Fullerton, Calif., USA).
The subjects fasted overnight before the calcium absorption test. The 44 Ca (0.5 mg/kg) dose pre-mixed with 120 ml of cow's milk (122.4 mg Ca/ml) was refrigerated for at least 24 hours prior to the study. The 44 Ca dose was administrated orally to each subject along with the three main meals of the day. The oral tracer ( 44 Ca) was divided into three smaller doses in proportion to the usual daily calcium intake. By giving smaller doses of the oral tracer along with the meals has been shown to better estimate the TFCA from the diets [20] . A nurse administered the 42 Ca (0.05 mg/kg) intravenously via the antecubital vein over at least one minute immediately after the first oral dose. A 5 ml of venous blood sample was drawn immediately before the IV injection for the determination of 25-OHD and serum calcium concentration. Details of isotope administration to the subjects have been described elsewhere [12, 13] . A 24-hour urine collection started exactly 24 hours after the isotope administration to determine the recovery of the two isotopes in the urine.
Mass spectrometric analysis for isotopic recovery in urine
To avoid contamination of the urine samples, the treatment of urine before mass spectrometric analysis was performed in a laminar-flow hood. All the glassware was acid washed and then oven dried before use. Organic matters of urine were removed by digestion upon heat (70°C) with Spectrograde concentrated nitric acid (Beijing Chemical Company, Beijing) [2] . Calcium oxalate was formed by adding alkaline ammonium oxalate solution (pH = 10) to the digested urine samples at 70°C for 15 minutes. Calcium oxalate was precipitated by setting the urine samples in an ice-bath for one hour. The calcium oxalate precipitate was then washed several times with 0.1% diluted ammonium oxalate solution to remove cations especially potassium ions [21] . A standard solution (CaNO 3 ) for the determination of the background natural abundances of various stable calcium isotopes was prepared by replacing carbonate ions from spectrograde calcium carbonate (Beijing Chemical Company, Beijing) with nitrate ions from spectrograde nitric acid (Beijing Chemical Co., Beijing). All the samples were analyzed by thermal ionization mass spectrometry using a Finnegan MAT 261 Magnet Sector Mass Spectrometer (Finnegan-Mat GmbH, Bremen, Germany). The ion beam intensities of 42 Ca and 44 Ca were compared to that of 40 Ca. Each urine sample was scanned 10 times (1 block of data) to obtain a mean and a relative standard deviation for the ratio of 42 Ca/ 40 Ca and 44 Ca/ 40 Ca. The final ratios of 42 Ca/ 40 Ca and 44 Ca/ 40 Ca were obtained by the mean of three blocks of the data (30 scans). The coefficient of variation (CV) of multiple scans on the same double-filament with respect to the ratios of 42 Ca/ 40 Ca and 44 Ca/ 40 Ca were 0.31% and 0.33%, respectively. Whereas the CV of sequential scans on different double-filaments with respect to the ratios of 42 Ca/ 40 Ca and 44 Ca/ 40 Ca were 0.1% and 0.06%, respectively. The CVs were comparable to those found by others [21] [22] [23] . Calculation of the TFCA was based on the fact that both intravenously and orally administered calcium isotopes are metabolized at the same rate once achieving equilibrium 24 hours after dosing. The TFCA was determined according to the following equation developed by Yergey et al. [17] :
where na is the natural abundance of the two isotopes, IV and oral, the exact dose administered, and ∆ %Xs, the degree to which a particular ratio differs from the natural ratio.
Calcium intake and biochemical analysis
A quantitative food frequency questionnaire was used to evaluate habitual calcium intake [24] . Fasting plasma 25-OHD was determined by radioimmunoassay (Diasorin Inc., Stillwater, Minn., USA.) [12] . Serum calcium and 24-hour urinary calcium concentrations were analyzed by colorimetry (Beckman Synchron CX3 Clinical System, Fullerton, Calif., USA).
Statistical analysis
The mean ± SD and range were determined for all the variables. The Mann-Whitney test was used to test group difference. Pearson and Spearman correlation analyses were performed to examine the correlation between variables. Linear regression analysis was employed to study the relation between different variables and the TFCA. The level of significance was p ≤ .05, 2-tailed. Statistical tests were carried out by using SPSS 10.0 for Window (SPSS Inc. Chicago, Ill., USA).
Results
Characteristics of the 12 girls are shown in Table 1 . Their mean age was 12.4 ± 2.4 years. The mean calcium intake of the subjects was 591 ± 164 mg/day. Milk and dairy products contributed to 54% of their daily calcium intake, whereas vegetables and beans and bean products contributed 9% and 5%, respectively, to their daily calcium intake. The mean TFCA, plasma 25-OHD, serum calcium, and 24-hour urinary calcium levels of the subjects were 60.4 ± 14.4 %, 30.5 ± 9.8 nmol/L, 2.29± 0.16 mmol/L and 79.9 ± 49.6 mg/24-hours, respectively (table 2) . There was no correlation between the TFCA and age (r = -0.11, p = .73), weight (r = 0.10, p = .75), height (r = 0.16, p =.93), dietary calcium (r = 0.13, p = .69) or 24-hour urinary calcium excretion (r = -0.17, p = .59). However, there was a significant inverse correlation between TFCA and plasma 25-OHD (r = -0.73, p = .008) ( fig. 1 ). Three girls were at the pre-puberty stage, 4 girls were at Tanner stage II, three girls were at Tanner stage III, and two girls were at Tanner stage IV. Five girls had already started menarche. Urinary calcium excretion was positively correlated with pubertal stage (r = 0.68, p = .015) and onset of menarche (r = 0.63, p = .027). The subjects who had started menarche also had a significantly higher urinary calcium excretion than those who have not (115.5 ± 53.5 mg/day vs. 54.5 ± 28.2 mg/day, p = .03). There was no association between pubertal development and the TFCA in the subjects (r = -0.209, p = .514) which may be attributable to the small sample size.
Discussion
The mean calcium intake of the subjects was 591 mg/day or 59% of the Chinese adequate intake (AI) of calcium for adolescents [25] . The mean TFCA of adolescents in this study was comparable to that of a previous study in Hong Kong (TFCA: 57.4%, calcium intake: 693 mg/day and 25-OHD: 84.25 nmol/L) and South China (TFCA: 63%, calcium intake: 381 mg/day and 25-OHD: 82 nmol/L) [12] despite the fact that circulating 25-OHD of the subjects in the present study was remarkably lower. Furthermore, TFCA in the current study was higher than that of the counterparts in the United States (25-34%) with a mean calcium intake 925 mg/day [14] . Findings from the present study and our previous studies [12, 13] indicated that there is a difference in TFCA between the Chinese and American children.
Results of a recent report on vitamin D deficiency involving 1,250 adolescents during the winter in Beijing [4] compared with those of the present study (table 3) .
Plasma 25-OHD concentration of the present study was more than two times greater than that of Du et al. [4] . However, the serum calcium concentration in the current study was not statistically different, and calcium intake was significantly higher. Milk intake contributed to 54% of total calcium in the present study as compared to 35.4% in Du et al.'s study. The dietary calcium and vitamin D status of our subjects were not worse than that of the Du et al. study which was a large-scale randomized study on calcium and vitamin D status of female adolescents in China. All the subjects resided in Beijing city and most of the parents were highly educated which may explain for the better nutritional status of the subjects.
Low plasma 25-OHD (< 30 nmol/L) was also observed in adolescent populations from northern Europe, South America, and the tropics [26] [27] [28] [29] . In a recent study in northern France 67% of the healthy adolescents had circulating 25-OHD less than 25 mmol/L [30] . Plasma 25-OHD of adolescents has been found lowest in winter and spring [4, 30] , particularly among those at puberty growth spurt [30] living in areas with inadequate sunlight or atmospheric pollution.
An adequate vitamin D status is important for increased calcium absorption during adolescent growth spurts [6, 31] . Although the plasma 25-OHD concentration in the present study was approximately 2.5 times lower than that of the previous study conducted in sub-tropical region of China [12] , TFCA in the current study was comparable to those of Lee et al. [12] . The significant inverse correlation between TFCA and plasma 25-OHD in adolescents girls has never been reported before. Our previous study conducted in the sub-tropical region did not observe such an inverse association [12] . An enhanced conversion of 25-OHD to 1,25(OH) 2 D 3 may explain the decline in plasma 25-OHD in adolescents during pubertal growth spurts. The phenomenon of a negative association between TFCA and plasma 25-OHD status may be explained by the fact that the escalated demand for calcium for bone growth stimulates the conversion of most of the plasma 25-OHD to 1,25(OH) 2 D 3 under the influence of parathyroid hormone to enhance calcium absorption. The plasma 25-OHD concentration was thus lowered with a corresponding increase in TFCA. However, if the short supply of 25-OHD persists, whether the high level of TFCA is sustainable is unknown. Further study is needed to determine the relationship among hormonal influence, calcium absorption, and sub-optimal plasma vitamin D concentration in this group of growing adolescents.
The findings that girls who had already started menarche had significantly a higher urinary calcium output than those who have not started menarche agrees with a previous study [32] in which the rate of skeletal calcium accretion was highest is at the perimenarcheal time period when a higher amount of renal Table 3 . A comparison of results between subjects from the current study and 108 school girls aged 12-14 years in urban area of Beijing during winter Du et al., 2001 (N =108) [4] This study (N=12) 13.9 ± 9.6 30.5 ± 9.8*** calcium is conserved for bone mineralization. Adolescent girls with sub-optimal vitamin D status in northern China are able to adapt by enhancing calcium absorption and reducing urinary calcium excretion in order to retain calcium for bone development. The TFCA was inversely correlated with 25-OHD in the circulation. Urinary calcium excretion was lower in pre-menarcheal girls than in post-menarcheal girls. It is not known whether the higher efficiency of calcium absorption can be sustainable if the shortfall of vitamin D continues. Further study is warranted to study the interaction between sub-optimal vitamin D status and calcium homeostasis among adolescents in order to understand the extent of adaptation and its long-term effect on bone growth among these adolescents.
